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I. Introduction
　Although, the soles lie the farthest from the 
brain in humans, their sensory functions, such as 
maintenance of posture and balance, center for 
gravity, and bipedal locomotion are indispensable 
from human behavior. When the soles are 
paralyzed, or the dominant sole-nerves are cut off, 
then it becomes difficult to maintain the posture 
and the bipedal locomotion [1, 2]. The motor skill 
acquisition, controlled by sole sensation, may 
largely depend on learning ability of animals. 
Thus, elucidation of the learning mechanisms 
underlying the behaviors elicited by sole sensation 
may be helpful for prevention and/or treatment 
of gait disturbance as well as for improvement of 
motor skills. 
　The control mechanisms that sole stimulation 
execute on the behavioral responses have been 
mainly studied with animal models. Medium 
to high intensity electric shock (0.1 mA to 0.3 
mA, or more) arouses fear in animals that finally 
induces an escape response. Consequently, they 
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start to avoid such stimulus after several times of 
paired presentation with other external signals. 
Shuttle box avoidance (active avoidance) task 
and one-trial passive avoidance (OPA) task have 
been often used to assess the anxiety profile 
and learning abilities of animals [3-5]. On the 
other hand, a brief electric shock to the hind paw 
of mice may produce a reward signal without 
arousing an anxiety and/or a fear response in a 
restricted condition [6]. Although, OPA task has an 
appreciable advantage in terms of time and cost for 
conducting experiments, it shows a large variance 
in the retention performance analysis, and also 
cannot distinguish the acquisition process from 
the retention process of the learning mechanism. 
One of the modified tasks developed to address 
these concerns is called continuous multiple-
trial inhibitory avoidance (CMIA) task [7-11]. In 
the acquisition phase of this task, when animals 
run into the dark box, electric foot shocks are 
administered until they run back to the start box 
where no shocks are delivered. The total number of 
trials (number of entries into the shock-delivered 
box) required to reach the acquisition criterion (e.g. 
animals were required to stay in the light box for 
200 seconds) is used as an acquisition index. 
　The CMIA task provides an acquisition index 
for inhibitory avoidance tasks, however, the 
total duration of delivered foot shock cannot be 
controlled, and thus, can become relatively very 
long (maximum 5 seconds in [8], 4 seconds in [11], 
and 2 seconds in [7 and 10]). Although, the longer 
duration of foot shocks can reduce the variance 
in the retention performance analysis, it may lead 
to a floor effect in the acquisition performance 
analysis (animals needed two or three trials in 
order to reach acquisition criteria in the previous 
studies [7-9, 11]). Thus, a modified procedure, 
in which the shock duration can be controlled, 
should be developed to avoid the floor effect in 
the acquisition trial as well as to decrease pain in 
animals. In the present study, we have applied a 
modified CMIA task to the C57BL/6J mice. The 
modified CMIA task would be useful to understand 
the underlying mechanisms of motor learning via 
plantar cutaneous sensation in animals, including 
humans.
2. Materials and methods
　2-1. Animals: Eight-week-old male C57BL/6J 
mice (n=30) were obtained from CLEA Japan, 
Inc. (Tokyo, Japan). Mice were acclimated to 
the breeding conditions for one week prior to 
the behavioral experiments. The breeding and 
experiment rooms were air-conditioned (22 ±
1°C, 50-60% humidity), and the mice were kept 
on a 12-h light/dark cycle (lights on at 08:00 
hours). Food and water were freely available in the 
breeding cages. Six mice were excluded from the 
experiment owing to skin injury caused by fighting 
instances or to low body weight (minimum body 
weight was 24.0 g), and twenty-four mice were 
used in the study. The behavioral experiments 
were conducted during the light cycle (between 
13:00 and 17:00 hours). All animal experimental 
procedures in the present study were performed 
in strict accordance with the guidelines of the 
Institute of Physical and Chemical Research 
(RIKEN), and were approved by the institute's 
Animal Investigation Committee.
　2-2. Apparatus: A small light-dark box (STC-
001M: Muromachi Kikai, Tokyo, Japan) and 
a shock generator-scrambler (SGS-003DX: 
Muromachi Kikai, Tokyo, Japan) were used. The 
light box was made of white plastic [90 (W) × 115 
(D) × 150 (H) mm] with a transparent plastic lid 
(250 Lux at the center of the box). The dark box 
was made of black plastic [140 (W) × 175 (D) × 
150 (H) mm] with a black plastic lid. There was a 
tunnel with a sliding door in the center panel (3 × 
5 cm) to allow the mice to transition between the 
light and the dark boxes. The grid floor was wired 
to the shock generator-scrambler.
　2-3. Procedure: On the training day, an 
acquisition trial was conducted. Each mouse 
was introduced into the light box facing away 
from the sliding door. When the mouse stopped 
moving and turned to the sliding door, then the 
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door was opened manually. The door remained 
open throughout the training period. As the mouse 
stepped with all four paws into the dark box, 
electric foot shocks (1 second duration) were 
delivered at 10 second intervals, until the mouse 
escaped back into the light box. In the present 
study, the mice were divided into three independent 
groups on the basis of shock intensities (Low: 0.13 
mA, Medium: 0.20 mA, High: 0.25 mA; n=8 in 
each group). During the acquisition trial, shock 
was delivered whenever the mouse returned into 
the dark box. The mouse was retained in the light-
dark box system until it continuously remained in 
the light box for 200 seconds. Following this, the 
mouse was returned to its home cage. The total 
number of trials (entry into the dark box), and the 
number of shocks required to reach the acquisition 
criteria were recorded. After 48 hours of resting, a 
retention test was conducted on day 3. Each mouse 
was again introduced into the light box facing 
away from the sliding door, and their latency to 
step into the dark box was recorded (cut-off time 
was 300 seconds) without delivering foot shocks. 
After each trial (both acquisition trial and retention 
test), the light-dark box system was washed with 
tap water, cleaned with 70% ethanol, wiped, and 
dried with a paper towel.
　2-4. Statistical method: Statistical analyses were 
conducted using SPSSTM version 25 statistical 
software (Advanced Analytics, Tokyo, Japan). 
One-way analysis of variance (ANOVA) was used 
to compare the mean of each index (the light-
dark latency in the acquisition trial, the number 
of entries to the dark box, the number of shocks 
received, the light-dark latency in the retention 
trial) among the three groups. The comparison 
between the acquisition and the retention trials 
was conducted using a repeated measures ANOVA 
(general linear model: GLM). Tukey HSD method 
was used for multiple comparisons. A Wilcoxon's 
sign-ranked test was used to compare the light-
dark latencies of the acquisition trial with the 
retention test, because the cut-off time was set in 
the retention test.
3. Results
　The method used in the present study was 
effective to induce inhibitory avoidance behavior 
in mice. Figure 1 shows the light-dark latency 
in the acquisition trial and in the retention test. 
GLM revealed significant effect of the trial 
(F(1,42)=40.474, p<0.001), but the effect of 
stimulus intensity (F(2, 42)=1.840, n.s.), and the 
interaction between trial and stimulus intensity 
were not statistically significant (F(2, 42)=0.0525,
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Figure 1 Results of the inhibitory avoidance 
learning. Data r e p r e s e n t  m e a n  l i g h t -
d a r k  l a t e n c y  i n  t h e  acquis i t ion  t r ia l 
(unf i l led  bars)  and in  the  re tent ion tes t 
(filled bars). Error bars represent standard 
e r r o r  o f  t h e  m e a n  ( S E M ) .  * :  p < 0 . 0 5 , 
♯:0.10<p<0.05
 n.s.). Mice in the medium and the high groups 
showed significantly increased light-dark latency 
in the retention test compared with that in the 
acquisition trial (Medium: T=0, p<0.05; High: 
T=2, p<0.05). Mice in the low group also showed 
an increased light-dark latency in the retention 
test, but the p-value was not statistically significant 
(T=6, 0.10<p<0.05). One-way ANOVA revealed no 
significant effect of stimulus intensity on the light-
dark latency (F(2, 21)=0.488, n.s.), on the number 
entries the dark (F(2, 21)=2.780, p=0.085, n.s.), 
on the number of electric shocks (F(2, 21)=2.263, 
n.s.) in the acquisition trial, and on the light-dark 
latency in the retention test (F(2, 21)=1.364, n.s.). 
Multiple comparisons between groups with respect 
to each index did not reveal any group differences 
(the light-dark latency: low vs medium, p=0.594; 
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low vs high, p=0.904; medium vs high, p=0.845; 
the number entries the dark: low vs medium, 
p=0.119; low vs high, p=0.136; medium vs high, 
p=0.997; the number of electric shocks: low vs 
medium, p=0.259; low vs high, p=0.136; medium 
vs high, p=0.923, respectively). Figure 2 shows 
mean number of entries to the dark box and the 
administered foot shocks. Although, there were no 
statistical differences, both the number of entries 
to the dark box and the number of administered 
electric shocks were decreased in the medium 
and the high intensity groups. Figure 3 shows 
the correlation diagram between the number of 
shocks delivered in the acquisition trial and the 
light-dark latency in the retention test. There was 
a statistically significant negative correlation 
between the number of shocks delivered in the 
acquisition trial, and the mean light-dark latency in 
the retention test (Pearson's correlation coefficient 
= -0.404, p=0.05). 
Figure 2 Results of the acquisition trial. Data 
represent mean number of entries to the dark box 
(filled circles) and the number of shocks delivered 
(filled squares). Error bars represent standard 
error of the mean (SEM).
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Figure 3 Statistically significant negative 
correlation between the number of shocks 
delivered in the acquisition trial and the mean 
light-dark latency in the retention trial (Pearson’s 
correlation coefficient = -0.404, p=0.05).
4. Discussion
　 In  the  present  s tudy,  we successfu l ly 
demonstrated the acquisition process of inhibitory 
avoidance learning using a modified CMIA 
procedure similar to the one used in previous 
studies [7-11] (Figure 1). In addition, we revealed 
that mice can learn inhibitory avoidance learning 
through the modified CMIA procedure using both 
brief and low intensity electric-shocks (Figure 1 
and 2).
The results also showed that the number of shocks 
delivered in the acquisition trial may be useful to 
predict the retention performance indexes, such as 
the light-dark latency (Figure 3).
Therefore, our study opens up a new possibility in 
inhibitory avoidance learning paradigm in mice. 
　OPA task has an appreciable advantage in terms 
of time and cost for conducting experiments, 
therefore it has been widely used to analyze 
learning mechanisms and/or to assess efficacy of 
drugs. However, there is often a large variation in 
light-dark latency in the retention test as well as 
in the acquisition trial, and thus, a large number 
of animals are required to obtain stable data. On 
the other hand, CMIA task in which longer and 
multiple shocks are administered in the training 
session provides robust retention performance 
[7]; it is thought to be a valid variant of OPA. 
Nevertheless, the CMIA task has not been used 
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commonly, because it inevitably causes more 
pain to the animals than the OPA task. Therefore, 
new modified methods that can reduce the pain 
caused to animals are required, from the animal 
welfare perspective. In the present study, three 
foot-shock intensities were used (0.13 mA, 0.20 
mA and 0.25 mA), and successfully conditioned 
inhibitory learning was obtained in 0.20 mA and 
0.25 mA conditions. Mice subjected to 0.13 mA 
foot-shock did not show statistically significant 
learning, but the difference in the light-dark 
latency in the retention test was marginally 
significant (0.10<p<0.05) (Figure 1). The stimulus 
intensities used in the present study were as per 
the standard or a little weaker than the previous 
mouse inhibitory avoidance and fear conditioning 
studies [13-18]. These results suggest that the 
shock delivery method used in the present study is 
effective to evaluate the role of sole stimulation on 
behavioral responses with a decreased foot-shock 
intensity and duration.
　Separation and quantification of the acquisition 
process are considerably important for the analysis 
of the mechanisms underlying learning and 
memory. Since, OPA task needs only one trial for 
conditioning, it cannot separate the acquisition 
process from the retention process. CMIA task also 
needs one trial for conditioning, but the foot shocks 
are repeatedly administered to animals until they 
stay in the light (start) box, in which foot shocks 
were not delivered, for a designated duration 
(acquisition criterion). Thus, the number of 
transitions or the dark (shock delivered) box entries 
provides an index for acquisition performance [8, 
9, 11]. Although, the animals meet the acquisition 
criterion within two or three trials in the CMIA 
task, they present a floor effect in the retention test 
[8, 9, 11]. On the other hand, in the present study, 
the mice met the acquisition criteria within a few 
trials in 0.20 mA and 0.25 mA conditions, as well 
as presented significant learning in the retention 
test. Instead of a single, long foot-shock, repeated 
short foot-shocks were adopted in the present 
study. As the mice were subjected to 1-second-long 
foot shocks every 10 seconds after they entered the 
dark box, the number of shocks administrated was 
also used as an index of acquisition performance. 
The number of shocks did not show a floor effect 
in the present study. Unfortunately, statistical 
differences among the three groups with different 
stimulus conditions were not observed in this 
study, but our method may be able to detect these 
differences after some metric modification. 
　In the present study, a statistically significant 
negative correlation was obtained between the 
number of shocks administered in the acquisition 
trial and the resultant light-dark latency in the 
retention test (Figure 3). Mice subjected to the 
weakest shock (0.13 mA) condition required 
greater number of shocks and exhibited lower 
retention performance. However, regardless of the 
shock intensity, the mice which were administered 
fewer shocks to meet the acquisition criterion 
exhibited better retention performance. The results 
suggest that the number of shocks delivered to 
mice in the acquisition trial may predict their 
performance in the retention test. It seems to be 
paradoxical that fewer aversive experiences lead to 
better learning performance. At present, we cannot 
ascertain whether the individual difference in the 
sensory ability of foot pads or in the formation 
of neural circuits is responsible for the observed 
results. Thus, further research to improve the 
prediction accuracy of this method is required. 
　Although, CMIA is an effective method 
to compensate for the disadvantages of OPA 
method, it has not been widely used in behavioral 
neuroscience. The ethical issue may be a reason 
because CMIA method uses long electric foot-
shock stimuli. However, the method used in the 
present study can induce conditioning by the 
same or weaker stimulus intensity, and shorter 
stimulus duration as compared with the previous 
studies. The effect of an increased number of 
stimuli might be offset by enough inter stimulus 
interval to reduce the pain experienced by animals. 
In addition, the number of animals used may be 
reduced owing to the stable retention performance. 
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Therefore, the modified CMIA method used in 
the present study will be useful to understand the 
underlying mechanisms behind the relationship 
between plantar cutaneous sensation and learning. 
This study also provides a new experimental model 
for the treatment of human gate disturbance.
5. Conclusion
　In the present study, we propose a new variation 
of CMIA method. Our modified method has 
several advantages over the OPA and the traditional 
CMIA methods: 1) reduces the pain caused to 
animals, 2) obtains stable retention performance, 3) 
requires fewer animals to assess the learning and 
memory function. In addition, it provides a new 
index to assess the acquisition process in CMIA 
method without being affected by the floor effect. 
Hence, the method developed in the present study 
will be useful to understand the sensory-motor 
learning mechanisms, and will also provide a new 
experimental approach for the treatment of human 
gate disturbance.
Acknowledgements
　I would like to thank Dr. Santo-Yamada Y for 
her helpful advices and technical assistance. I 
also would like to thank Editage (www.editage.
jp) for English language editing. This study was 
supported by in part Shizuoka Sangyo University 
internal funds.
References
[1] Eils E, Behrens S, Mers O, Thorwesten L, Völker 
K, Rosenbaum D. Reduced plantar sensation causes 
a cautious walking pattern. Gait Posture. 20(1):54-
60. 2004.
[2] Meyer PF, Oddsson LI, De Luca CJ. Reduced 
plantar sensitivity alters postural responses to 
lateral perturbations of balance. Exp Brain Res. 
157(4):526-36. 2004.
[3] Santo-Yamada Y, Yamada K, Wada K. Posttraining 
administration of gastrin-releasing peptide improves 
memory loss in scopolamine- and hypoxia-induced 
amnesic mice. Physiol Behav. 74(1-2):139-43. 
2001.
[4] Yamada K, Santo-Yamada Y, Wada K. Stress-
induced impairment of inhibitory avoidance learning 
in female neuromedin B receptor-deficient mice. 
Physiol Behav. 78(2):303-9. 2003.
[5] Sakurai M, Sekiguchi M, Zushida K, Yamada K, 
Nagamine S, Kabuta T, Wada K. Reduction in 
memory in passive avoidance learning, exploratory 
behaviour and synaptic plasticity in mice with a 
spontaneous deletion in the ubiquitin C-terminal 
hydrolase L1 gene. Eur J Neurosci. 27(3):691-701. 
2008. doi: 10.1111/j.1460-9568.2008.06047.x. 
[6] Hirasawa N, Yamada K, Murayama M. Brief 
hind paw stimulation is sufficient to induce delayed 
somatosensory discrimination learning in C57BL/6J 
mice. Behav Brain Res. 301: 102-109. 2016. 
http://dx.doi.org/10.1016/j.bbr.2015.12.024
[7] Decker MW, Tran T, McGaugh JL. A comparison 
of the effects of scopolamine and diazepam on 
acquisition and retention of inhibitory avoidance in 
mice. Psychopharmacology (Berl). 100(4):515-21. 
1990.
[8] Tomaz C, Dickinson-Anson H, McGaugh JL. 
Basolateral amygdala lesions block diazepam-
induced anterograde amnesia in an inhibitory 
avoidance task. Proc Natl Acad Sci U S A. 
89(8):3615-9. 1992.
[9 ]  Roozendaa l  B ,  Carm i  O,  McGaugh  JL . 
Adrenocortical suppression blocks the memory-
enhancing effects of amphetamine and epinephrine. 
Proc Natl Acad Sci USA. 93(4):1429-33. 1996.
[10] Xu ZW, Hou B, Li YF, Gao Y, Su ZT, Yang 
GS, Zhao SF, He FC, Zhang CG. Theophylline 
attenuates microwave-induced impairment of 
memory acquisition. Neurosci Lett. 412(2):129-33. 
2007.
[11] Krebs-Kraft DL, Parent MB. Hippocampal 
infusions of glucose reverse memory deficits 
produced by co-infusions of a GABA receptor 
agonist. Neurobiol Learn Mem. 89(2):142-52. 2008.
[12] Michalon A, Bruns A, Risterucci C, Honer M, 
Ballard TM, Ozmen L, Jaeschke G, Wettstein JG, 
von Kienlin M, Künnecke B, Lindemann L. Chronic 
metabotropic glutamate receptor 5 inhibition 
corrects local alterations of brain activity and 
improves cognitive performance in fragile X mice. 
Biol Psychiatry. 75(3):189-97. 2014. doi: 10.1016/
j.biopsych.2013.05.038.
[13] Comim CM, Schactae AL, Soares JA, Ventura 
L, Freiberger V, Mina F, Dominguini D, Vainzof 
M, Quevedo J. Behavioral Responses in Animal 
Model of Congenital Muscular Dystrophy 1D. Mol 
Neurobiol. 53(1):402-407. 2016. doi: 10.1007/
s12035-014-9024-y.
[14] Kang S, Ha S, Park H, Nam E, Suh WH, Suh 
YH, Chang KA. Effects of a Dehydroevodiamine-
Derivative on Synaptic Destabilization and Memory 
Impairment in the 5xFAD, Alzheimer's Disease 
Mouse Model. Front Behav Neurosci. 12:273. 2018. 
doi: 10.3389/fnbeh.2018.00273.
[15] Choi TY, Lee SH, Kim SJ, Jo Y, Park CS, Choi 
SY. BK channel blocker paxilline attenuates 
thalidomide-caused synaptic and cognitive 
足裏感覚と学習
─ 7 ─
dysfunctions in mice. Sci Rep. 8(1):17653. 2018. 
doi: 10.1038/s41598-018-36367-3.
[16] Sakatani S, Yamada K, Homma C, Munesue S, 
Yamamoto Y, Yamamoto H, Hirase H. Deletion of 
RAGE causes hyperactivity and increased sensitivity 
to auditory stimuli in mice. PLoS One. 4(12):e8309. 
2009. doi: 10.1371/journal.pone.0008309.
[17] Takashima N, Odaka YS, Sakoori K, Akagi T, 
Hashikawa T, Morimura N, Yamada K, Aruga J. 
Impaired cognitive function and altered hippocampal 
synapse morphology in mice lacking Lrrtm1, 
a gene associated with schizophrenia. PLoS 
One. 6(7):e22716. 2011. doi: 10.1371/journal.
pone.0022716.
[18] Morimura N, Yasuda H, Yamaguchi K, Katayama 
KI, Hatayama M, Tomioka NH, Odagawa M, Kamiya 
A, Iwayama Y, Maekawa M, Nakamura K, Matsuzaki 
H, Tsujii M, Yamada K, Yoshikawa T, Aruga J. 
Autism-like behaviours and enhanced memory 
formation and synaptic plasticity in Lrfn2/SALM1-
deficient mice. Nat Commun. 8:15800. 2017. doi: 
10.1038/ncomms15800.

